Preliminary European studies on the feasibility of statistical, Monte Carlo method based, spacecraftlauncher coupled loads analyses were performed in the early nineties. In the frame of a more recent study probabilistic analysis tools have been extended, which can be used to complement the deterministic analysis approach. The method is again based on Monte Carlo Simulations. Uncertain input variables of the analysis are described by their probability density functions, and the captured results are evaluated to derive distributions, mean values, standard deviations and exceedance probabilities. In the study presented in this paper, a large-scale finite element model representative of a real satellite is used in conjunction with the Ariane 5 finite element model to run stochastic coupled dynamic analyses for a selected set of dynamic load cases. Dedicated preand post-processors are combined with the finite element analysis code MSC.Nastran for this purpose (2). In order to run the coupled dynamic analyses a special CLA Toolbox (1) is employed within the MSC.Nastran finite element analysis code. The main objective of the study is to gain insight into the conservatism and robustness of spacecraft dimensioning on the basis of known or assumed uncertainties of the launcher, spacecraft and mechanical environment. Aspects related to the definition of loads as well as those related to strength of mechanical parts will both be considered and will eventually be related to the target probability of exceedance, or probability of failure. An additional objective is to gain experience both with respect to the selection of random variables and their relative importance, as well as to find means and ways to interpret the analysis output for practical engineering purposes. Of course the results of a probabilistic investigation are at the best as good as the associated input. Hence it can be seen that in addition to representative mathematical models and forcing functions, all significant random parameters and their realistic statistical descriptions are needed, and represent a crucial aspect of this study.
INTRODUCTION
Launcher-payload coupled dynamic analysis is employed as a tool for payload dimensioning and verification and is carried out as part of the mission analysis. The objective is the computation of the payload mechanical environment due to dynamic loads occurring at particular instants of time during launch. In this study two representative load cases have been considered, namely the lift-off and the so-called endof-booster oscillation load case.
While the high resolution of refined FE meshes potentially improves the quality of the predictions retrieved from coupled dynamic analyses, the great amount of assumptions and uncertainties during the calibration of the model tend to counteract the potential gain in precision. In the present study the effect of the uncertainties in the launcher and in the payload's properties, as well as in the loading, is analyzed systematically. This is done by casting the problem in a probabilistic framework and modeling uncertain model parameters as random variables.
The probabilistic methodology used to propagate the uncertainties in the model to the reponse is Direct Monte-Carlo Simulation (MCS), since this technique is unmatched when it comes to versatility and generality. In fact, this method is independent of the number of random input parameters, which in the present study was an essential characteristic, as the number of random variables on the input side is extremely high. This fact is a consequence of a very fundamental decision in the probabilistic modeling process, namely to treat all FE model parameters as random variables, provided they belong to a certain class of properties.
In order to be able to assess the relative importance of the scatter in the launcher properties, the satellite properties and the loading separately, the effect of each of these scatter sources has been analyzed separately. Since this analysis has been performed for both considered load cases, a total of six full MCS sets have been performed, where each set comprised 1,500 samples.
The paper is organized as follows: Section 2 introduces the analysis methods adopted in the present study, namely the Coupled Dynamic Analysis Method for the deterministic part and the MonteCarlo simulation for the probabilistic aspects. The FE models are described in section 3.1, whereas the assumptions of the probabilistic model are stated in section 3.2. The first set of results of the MCS (section 3.3) refers to the modal analysis. This is followed by the results for the structural responses, first for the Lift-Off load case, section 3.4, -and then for the End-of-Booster oscillation load case, section 3.5.
METHOD OF ANALYSIS

General Remarks
In the stochastic launcher-payload coupled dynamic analysis study reported in this paper, two softwares were employed. The first software is FE-RV (2) and is associated with the preparation of the probability density functions for the FE-model and forcing function parameters. Furthermore it controls the Monte Carlo method employed within the process of coupled dynamic analysis. The software is a collection of PERL modules and scripts and is based on earlier versions, which are entirely FORTRAN-based (3; 4). The second software is the CLA Toolbox (1) in combination with FE-package MSC.Nastran . The CLA Toolbox is a collection of Direct Matrix Abstraction Programming (DMAP) procedures which run with the various solution sequences of MSC.Nastran and has been developed within the European Space Agency. In the following sections we will briefly review the coupled dynamic analysis method and subsequently the Monte Carlo method for stochastic simulations.
Coupled Dynamic Analysis Method
The two example loadcases for the Ariane-5 launcher, which will be used throughout this paper, are depicted in figure 1 . It concerns the lift-off and thrust (pressure) oscillation loadcases. The dynamic loads Figure 1 . A selection of Ariane-5 loadcases during lift-off are comprised of the thrust forces (longitudinal) and the blastwave pressure (lateral) which emerges from the exhaust ducts of the channels that lead away the booster combustion gases. The pressure oscillation case may occur at approximately 110 seconds after lift-off and is introduced by the second acoustic cavity mode in the boosters. The acoustic modes are assumed to be out-of-phase and thus cause a lateral excitation at the spacecraft interface.
The meaning of the spacecraft mechanical environment is clarified in figure 2 . Of main interest are the interface accelerations and forces, which can be used to derive the equivalent sine spectrum and the COG net accelerations. In addition we might be interested in the computation of internal responses to verify the structural integrity of specific instruments on board of the spacecraft. The computed responses and deduced min/max data can be employed within the design, verification and test phases of the spacecraft concerned.
The launcher payload coupled dynamic analysis procedure can be subdivided into two loops, as depicted in figure 3 . The first loop is associated with the generation of the reduced substructure models on the basis of the Craig-Bampton (CB) method (9) . Generally this process is referred to as Component Mode Synthesis (CMS). For the Ariane-5/Integral substructures this reduction process is visualized in figure 4 . If specific output is requested for the substructure, then output transformation matrices (OTMs) shall be computed as well (7) . In case the dynamic loads of the flight events to be studied are applied to the substructure under consideration, also the transformation of the loads to CB generalized loads is performed. The second loop is related to the dynamic analysis with the reduced CB-system as depicted on the right side of figure 4. To identify the modal content of the system a modal analy- Figure 2 . The mechanical environment of the spacecraft sis is run followed by the optional recovery of the physical modeshapes. During this modal analysis of the free-free CB-system a control matrix is computed such that the pendulum modes are enforced to zero-eigenvalue rigid body modes. As the Ariane-5 model contains fluid models for the liquid propellants, which lead to pendulum modes, this step has to be performed (8) . The next step is the dynamic analysis, either in the time or in the frequency domain, followed by the data recovery of physical responses. Optionally the system damping can be verified for the configuration used in the dynamic analysis. This loop is repeated for each flight event.
In terms of computational cost the reduction of the substructure FE-models to CB-models is the most demanding step, since the Lanczos process is O(n 3 ) in terms of floating point operations (10) . Here n is equal to the number of substructure DOF. The cost of any analysis with the reduced system can be neglected compared to the cost of the reduction process as the number of DOF has been reduced dramatically. This is evident when we compare the FEsystem and CB-system size given in the tables in figure 4.
Monte-Carlo simulation
In the present study the computational tasks consisted of quantifying the scatter in the response in general and, for selected load cases, of estimating small failure probabilities. It is well known that for the former task direct Monte Carlo simulation is very efficient, as with a relatively modest number of samples the scatter can be quantified. Since the responses of interest in this study were computed over an extended frequency range or over time intervals, the scatter was represented in terms of fractiles. The response fractile r p for a given probability level p is approximated as follows. Let {R j } N j=1 be the en- 
Then,
where the operator round [·] rounds the argument to the nearest integer.
NUMERICAL EXAMPLE
Finite element model
Two finite element models are used in this study. The first one concerns the satellite model of Inte- The Upper Composite FE-model is comprised of the VEB control unit, and EPS propulsion unit, a payload adapter and a fairing. The increase in stiffness due to the pressurization of the EPC tanks and EAP boosters has been taken into account by the addition of geometric stiffness to the respective substructure stiffness matrices. The complete Ariane-5 FE model including payload can be reduced to approximately 700 DOF as shown in figure 4 , that is 0.5% of the FE-system size. 
Probabilistic model
In the probabilistic modeling of the launcher and the payload, the properties of the FE model are separated in different classes and are then modeled as random variables with a consistent level of variability for each class. The levels of variability are selected on the basis of data available in the literature and of experience. Table 1 summarizes the assumptions for the degree of variability in terms of the standard deviations as a fraction of the mean values µ. As an example, the first row states that for Young's moduli of isotropic materials the coefficient of variation σ/µ amounted to 8%. This means that during the MCS, in all property definitions of isotropic materials the nominal value of the Young's modulus was substituted by a randomly generated number, such that over the ensemble of simulations the standard deviation was approximately 8%. The assumed coefficients of variation range from 4 to 12%.
The mean values were set equal to the nominal values of the deterministic FE model. The probability distribution of the random properties was mostly Gaussian, with the exception of the damping. This assumption is sufficiently accurate given the lack of hard data. Due to the small coefficients of variation, the probability of occurrence of negative values for properties such as Young's modulus is practically zero. This does however not apply to the damping, which is usually affected by greater uncertainty. For this reason, the assumption of normality was given up for damping and a log-normal distribution assumed instead.
Modal Analysis
Launcher scatter
In this section the scatter of the eigenfrequencies of the assembled Craig-Bampton model is presented, due to scatter in launcher properties. In order to obtain results for the scatter of the eigenfrequency, extrapolation was carried out, based on the results obtained with a very low standard deviation of the random scatter (the COV was set to 5% of the COV used in the actual analysis). Since the extrapolation represents a linear approximation, its accuracy is somewhat limited and hence these results ought to be used with care.
In particular, for the higher modes the obtained coefficients of variation (right part of Fig. 6 ) cannot be entirely trusted, since in this range the problem of mode-correspondence is especially pronounced. CoV. of WP_1200 eigenfrequencies Figure 6 . Coefficients of variation of the eigenfrequencies of the assembled Craig-Bampton model vs. frequency, due to scatter in launcher
Satellite scatter
In this case the scatter in the eigenfrequencies of the reduced Craig-Bampton model is quite small. The reason is that, compared to the launcher, the satellite's structural mass is small and hence the scatter in its properties has rather little impact on the overall behavior.
Hence, in this case no extrapolation was necessary. However, a limited number of simulations (around 5%) had to be discarded, as they clearly represented outliers. The criterion adopted for this sample censoring is as follows: if the sample eigenfrequency exceeded the mean by more than 10%, then the sample was discarded. The motivation behind this criterion is that clearly the eigenscatter of the coupled structure due to scatter in the satellite's properties must clearly be smaller than the eigenscatter of the satellite alone, since the deterministic nature of the comparably huge launcher structure diminishes the effect of the scatter in the "small" satellite. But since in WP 1100 it has been found that the coefficient of variation due to the satellite scatter is approximately 2.2%, it is obvious that deviations of more than 10% are clearly unreasonable.
The reason for the occurence of these outliers has not been determined, but they may be due to the mode-correspondence problem. It should be noted that these outliers do not occur in the structural response of the satellite, neither during lift-off nor in the frequency response analysis. In fact, no shifts in the frequencies of the oscillatory response can be observed. This would not be the case, if the outliers would affect the frequency response. In this section the response results are presented and commented, that relate to the LO load case, in which the scatter in the response quantities is due to the scatter in the properties of the launcher. In Fig. 8 , various percentiles of the resultant force at the interface between launcher and satellite are shown.
As can be observed, the scatter in the response is rather limited. It should be noted that for each of the sub-diagrams the shown range of the ordinate is limited to the relevant portion. Amplitude of pressure in EAPM and EAPP: A Gaussian probability function is assumed with a mean value of 1.15% above the deterministic amplitude and a standard deviation of 0.38% of the deterministic value of the amplitude.
Pressure levels of blast waves (DOP1 and DOP2): A Gaussian probability function is assumed with a mean value at the deterministic pressure level and a standard deviation of 3.3% of the deterministic value.
Time difference between ignition of the EAPM and EAPP boosters. The time delay of ignition of the EAPM booster is kept deterministic whereas for the time delay of the EAPP booster a Gaussian probability function is assumed with a mean value at the deterministic time delay (3.272 s) and a standard deviation of 8.3 ms. Fig. 9 shows the percentiles of the resultant interface force, where the scatter in the response is now due to the scatter in the loads. This figure should be compared with Fig. 8 , which represents the scatter due to uncertainties in the launcher structure. It can be observed that, in comparison, the load scatter is responsible for a smaller fluctuation of the interface force.
Besides the initial phase of the considered time history, the nominal response provides a lower bound to the interface force. This is due to the fact that for one of the force variables modeled as a random variable, namely the pressure (thrust) level of the EAPM and EAPP component, the nominal value was equal to one of the 3σ-bounds of the assumed normal distribution. Figure 9 . Lift-Off load case, load scatter, fractiles of interface force resultant
In this section of the report the results of the LO load case, subject to scatter in the INTEGRAL structural properties, are presented.
In Fig. 10 the percentiles of the interface force between satellite and luncher during liftoff are shown for the considered time interval It should be observed that the scatter is very modest (note the limited range of the ordinate), which is consistent with the fact, that the scatter in the integral has a limited impact on the overall response. The overall conclusion suggested by these figures is that the scatter of the satellite's properties has a very minor effect on the response, compared to the effect of the scatter in the launcher's properties.
Comparison scatter launcher-satellite
In this load case, the relative importance of the launcher scatter and the satellite scatter differs for the various considered output quantities. Figure 10 . Lift-Off load case, satellite scatter, fractiles of interface force resultant
To illustrate this, one should consider Fig. 11 , where the mean response µ(t) (solid line) is shown along with the µ + σ (dash-dotted line) and the µ − σ (dashed line) responses, where σ is the pertinent standard deviation. Hence the interval between the dashed and dash-dotted line can be viewed as the [−σ, +σ]-interval around the mean and gives a concise idea of the magnitude of the scatter. Clearly, this interval is much larger in the case of launcher scatter (blue line), demonstrating that the scatter in the interface force at node 300,000 due to launcher scatter is much greater.
However, for the scatter in the stresses in the beam connecting the solar panel with the satellite structure the situation is quite different. This is confirmed by Fig. 12 , where the [−σ, +σ]-interval around the mean, and hence the scatter, is greater in the case of the satellite scatter (red lines).
Comparison scatter loading-satellite
The similar magnitude of the scatter due to load and satellite uncertainties can also be confirmed by considering Fig. 13 , in particular the lower portion of the figure. In these selected portions of the timehistory the [−σ, +σ]-intervals have a rather similar width.
On the other hand, the von Mises stress in bar element 710 is much more sensitive to scatter in the satellite's properties, as Fig. 14 reveals. In summary, the above described cases show that in the LO case the relative importance of load scatter and of satellite scatter depends on the output quantity under consideration. In the present section representative results concerning the EBP load case are included, whereby the fluctuations in the shown response quantities is caused by the scatter in certain load variables. Fig. 15 shows the frequency response in the range between 30 and 55 Hz, in terms of the force at the launcher-satellite interface, specifically at node 300,000. As can be observed, in this case the scatter in the response is huge. This may be attributed to two different reasons: the shifting of the eigenfrequencies, due to the variations of stiffness and mass parameters, on one hand, and the scatter in the damping properties, on the other. Amplitude of pressure perturbation in boosters EAPM and EAPP: A Gaussian probability function is assumed with the mean value at -5% of the deterministic pressure amplitude and a standard deviation of 1.7% of the deterministic pressure.
Phase shift between EAPM and EAPP pressure perturbations: The deterministic value is 180 (out-of-phase. A uniform probability density function for the phase-shift in the interval [0, 180] is assumed.
The results of the EBP load case, subjected to scatter in selected load variables, are discussed next. It turns out that the imposed scatter in the load has very little effect on the predicted response. Fig. 16 contains the percentiles of the interface force. Over most of the spectrum the various lines representing the percentiles are hardly perceivable. Only at the two peaks, between 45 and 50 Hz, the lines can be clearly distinguished.
Satellite scatter
In the present section representative results concerning the EBP load case are included, whereby the fluctuations in the shown response quantities are now caused by the scatter in the satellite's properties. Fig. 17 shows the percentiles of the frequency response in the range between 30 and 55 Hz, in terms of the interface force. While the scatter is quite modest over most of the frequency range, it is non-negligible in the vicinity of the peak frequency responses, in particular at the main peak at approximately 47.5 Hz. Especially the 99.8-percentile is clearly distinct from the other percentiles.
Comparison scatter launcher-satellite
In the EBP load case, the relative importance tends more in the direction of the launcher scatter, as one can confirm by considering the [−σ, +σ]-interval around the mean, shown in Fig. 18 .
In general, the results reveal that the launcher scatter has a significant effect on all response quantities, whereas the satellite scatter has a negligible effect on some quantities, but can greatly affect certain other responses.
Comparison scatter loading-satellite
In the EBP load case, the impact of the load scatter is comparably small for all output quantities under consideration. The satellite scatter, however, does induce a scatter in the response and hence proves to be more important in the EBP load case.
This relatively greater importance of the satellite scatter is visualized in Fig. 19 . However, it should be noted that at the peak response, shown in the right portion of the figure, the width of the [−σ, +σ]-interval due to load scatter (blue line) is more pronounced than elsewhere.
CONCLUSIONS
In this paper the results of a full-scale probabilistic analysis for the coupled system launcher-payload have been presented. Two load cases have been analyzed, namely the Lift-Off load case in the time domain and the End-of-Booster Pressure oscillation load case in the frequency domain.
The probabilistic analysis was based on the assumption that all parameters of the FE model are treated as uncertain, provided they belong to a certain class of properties.
For the Lift-Off load case the response showed "wellbehaved" scatter. The deviation from the nominal solution is approximately symmetric and normally distributed and the coefficient of variation is in the order of 15-20%. The relative importance of launcher versus satellite scatter depends on the response quantity: for instance, the scatter in the interface force is larger in the presence of launcher scatter; however, the opposite is true for the von Mises stress in the beam attaching the solar panels to the satellite structure. Equivalent statements can be made concerning the relative importance between the load scatter and the satellite scatter, i.e. that this depends on the response quantity at hand.
For the EBP load case, the scatter due to launcher scatter, is extraordinarily large and gives rise to some concern. The coefficients of variation exceed 50%, the distribution is highly skewed and extreme values exceed the nominal value by factors of 3 or 4. 
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